The development of both long-range intracortical and interhemispheric connections depends on visual experience. Previous experiments showed that in strabismic but not in normal cats, clustered horizontal axon projections preferentially connect cell groups activated by the same eye. This indicates that there is selective stabilization of fibers between neurons exhibiting correlated activity. Extending these experiments, we investigated in strabismic cats: (1) whether tangential connections remain confined to columns of similar orientation preference within the subsystems of left and right eye domains; and (2) whether callosal connections also extend predominantly between neurons activated by the same eye and preferring similar orientations. To this end, we analyzed in strabismic cats the topographic relationships between orientation preference domains and both intrinsic and callosal connections of area 17. Red and green latex microspheres were injected into monocular iso-orientation domains identified by optical imaging of intrinsic signals. Additionally, domains sharing the ocular dominance and orientation preference of the neurons at the injection sites were visualized by 2-deoxyglucose (2-DG) autoradiography. Quantitative analysis revealed that 56% of the retrogradely labeled cells within the injected area 17 and 60% of the transcallosally labeled neurons were located in the 2-DG-labeled iso-orientation domains. This indicates: (1) that strabismus does not interfere with the tendency of long-range horizontal fibers to link predominantly neurons of similar orientation preference; and (2) that the selection mechanisms for the stabilization of callosal connections are similar to those that are responsible for the specification of the tangential intrinsic connections.
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Long-range tangential axon collaterals are a prominent feature of cortical circuitry (Fisken et al., 1975) . In the mammalian visual cortex, they interconnect regularly spaced clusters of cells [tree shrew (Rockland and L und, 1982) , squirrel and macaque monkey (Rockland and L und, 1983; Livingstone and Hubel, 1984) , cat (Gilbert and Wiesel, 1983; K isvárday and Eysel, 1992) , and ferret (Rockland, 1985) ], which share preferences for similar orientations or colors (Ts'o et al., 1986 (Ts'o et al., , 1988 Gilbert and Wiesel, 1989; Gray et al., 1989; Hata et al., 1991; Malach et al., 1993 Malach et al., , 1994 . It has been proposed that these connections: (1) contribute to the generation of large composite receptive fields (Singer and Tretter, 1976; Gilbert and Wiesel, 1985; Gilbert, 1990, Schwarz and Bolz, 1991) , (2) mediate inhibitory and subthreshold excitatory effects from beyond the classical receptive field (Blakemore and Tobin, 1972; Nelson and Frost, 1978; Morrone et al., 1982; Allman et al., 1985) , (3) contribute to orientation and direction tuning (Eysel et al., 1987 (Eysel et al., , 1990 , (4) are responsible for adaptive changes of cortical maps after deafferentiation (Kaas et al., 1990; Heinen and Skavenski, 1991; Gilbert and Wiesel, 1992; DarianSmith and Gilbert, 1994) , and (5) synchronize the responses of spatially distributed neurons as a function of stimulus coherence (Gray et al., 1989; König et al., 1993; Singer, 1993) .
In kitten visual cortex, tangential fibers develop mainly after birth and attain their adult specificity within the first 6 -8 weeks (Luhmann et al., 1986; Price 1986; Callaway and Katz, 1990; Galuske and Singer, 1996) . The refinement of the architecture of these connections depends on visual experience (Callaway and Katz, 1991; Luhmann et al., 1991) whereby extension and elimination of collaterals overlap in time (Callaway and Katz, 1991; Galuske and Singer, 1996) . Direct evidence for the hypothesis that connections are stabilized selectively between cells exhibiting correlated activity was obtained in strabismic cats. In these animals, the segregation of geniculocortical afferents in layer IV is accentuated (Shatz et al., 1977; Löwel, 1994) , and most neurons become monocular, responding exclusively either to the left or right eye (Hubel and Wiesel, 1965) . In addition, tangential intracortical fibers come to preferentially connect cell groups activated by the same eye (Löwel and Singer, 1992) .
Callosal connections share a number of features with the intracortical horizontal connections. They originate from and terminate on similar classes of cells in supragranular and infragranular layers, are reciprocal, and exhibit topological specificity (for review, see Innocenti, 1986) . Neurons located close to the representation of the vertical meridian have receptive fields that cross the midline of the visual field, and the responses to stimuli in the ipsilateral hemifield are conveyed by callosal input. The ipsilateral and contralateral moieties of the crossing receptive fields have the same orientation and direction preference (Berlucchi and Rizzolatti, 1968; Lepore and Guillemot, 1982; Blakemore et al., 1983) , suggesting that the orientation preference of the callosal afferents is matched with that of their respective target cells. Callosally projecting neurons in sensory, motor, and association areas of many species exhibit a columnar distribution (for review, see Innocenti, 1986) , and the axon arbors of callosal neurons are patchy (Houzel et al., 1994) , suggesting a relation with functional columns. As the horizontal intracortical fibers, visual callosal connections also can be modified by manipulating early visual experience. In the cat, callosal axons are initially imprecise and exuberant and attain their adult specificity by elimination of ectopic axon terminals (Innocenti and C aminiti, 1980) . This process seems to be influenced by activity, because early onset strabismus, monocular deprivation, and short periods of binocular deprivation lead to preservation of ectopic connections (Lund et al., 1978; Innocenti and Frost, 1979; C ynader et al., 1981; Berman and Payne, 1983; Elberger et al., 1983) . Thus, both tangential intrinsic fibers and callosal connections exhibit a high degree of selectivity in the adult, and both projections are susceptible to experience-dependent modifications. Because it is established that the former get selected by activity according to a correlation rule, we wondered whether the same is true also for callosal connections. If so, the prediction is that in strabismic animals, callosal connections should become confined to link territories of same eye dominance selectively. Moreover, their selectivity with respect to the orientation preference of interconnected cortical domains should be affected by squint in the same way, if at all, as that of the intrinsic tangential connections. To test these predictions we first examined whether divergent strabismus had any effect on the tendency of the intrinsic connections to link domains with similar orientation preference selectively. In addition, we studied in the same strabismic cats the selectivity of callosal connections with respect to the ocular dominance and orientation preference of the interconnected domains.
MATERIALS AND METHODS
In this study eight cats from the colony of our institute were used. Six of them (cats C1-C6) were raised with surgically induced divergent strabismus, and two of them (cats C N and CC) had normal visual experience.
Induction of squint. In the cats C1-C6 divergent strabismus was induced surgically at the age of 17-18 d by severing the tendon of the medial rectus muscle of the left eye. T wo of these animals were from the same litter (C4 and C5). For surgery, kittens were anesthetized with an intramuscular injection of ketamine hydrochloride (10 mg / kg; Ketanest, Parke-Davis) and xylazine hydrochloride (2.5 mg / kg; Rompun, Bayer).
We used the corneal reflex method (Sherman, 1972; Olson and Freeman, 1978; von Grünau, 1979) to check the effectiveness of squint induction. The kittens were restrained manually, and flashlight snapshots were taken weekly until the kittens were 2 months old. The distances between the corneal reflexes and the pupils were measured on the photo prints, and the ratio of the reflex distance over the pupillary distance was used as an indicator of eye alignment (Sherman, 1972; von Grünau, 1979; Sireteanu et al., 1993) . The ratios measured in our animals were in the strabismic range throughout the critical period (Ͻ0.93 according to Sireteanu et al., 1993) : C1, 0.88 Ϯ 0.03 (mean Ϯ SD); C2, 0.88 Ϯ 0.02; C3, 0.89 Ϯ 0.02; C4, 0.88 Ϯ 0.02; C5, 0.91 Ϯ 0.02; and C6, 0.90 Ϯ 0.03. Thus, all our squinting cats exhibited manifest exotropia.
Optical imag ing. Optical imaging was performed in all cats except cat CC to guide tracer injections. In cat CC the tracers were injected blind, and the ocular dominance was determined later by inspection of the cortical 2-DG autoradiographs and tracer uptake in the lateral geniculate nucleus.
At the age of 2-3 months, the f unctional architecture of area 17 was visualized using optical imaging of intrinsic signals (Grinvald et al., 1986) as described in detail by Bonhoeffer and Grinvald (1993) . Anesthesia was induced as described above (ketamine and xylazine) and, after tracheal intubation and cannulation of a humeral vein, was maintained by ventilating the cat with a mixture of 70% N 2 O and 30% O 2 supplemented by 0.4 -1% halothane (Hoechst Pharmaceuticals, Frankf urt, Germany). Images were taken from the right cortex of cats C1, C2, C3, C5, and C N and the left cortex of cats C4 and C6. Visual stimuli were generated with a monitor (25 ϫ 33 cm) positioned at a distance of 25 cm in front of the animals, covering about 65°of the visual field. The cat's eyes were refracted accordingly and fitted with corneal contact lenses containing artificial pupils of 3 mm. Stimuli consisted of high-contrast square wave gratings of four different orientations (0, 45, 90 , and 135°) with a spatial frequency of 0.5 cycles (cyc)/°and a drift velocity of 4°/sec. Monocular visual stimulation of the cats was achieved with computer-controlled eye shutters.
Tracer injection. At the end of the optical recording session, rhodamine-and fluorescein-conjugated latex microspheres ("red and green beads," L uma Fluor) (Katz et al., 1984; Katz and Iarovici 1990) were pressure-injected into the center of orientation domains located within territories dominated by either the right or the left eye. T wo injections were made in each experiment, one with green beads and the other with red beads, both being aimed into columns of the same eye and same orientation preference to obtain two samples of one condition per animal (Fig. 1) . In cat C N, which was raised normally, injections were made in binocular domains of the right hemisphere with orientation specificities orthogonal (green beads, 90°; red beads, 0°) to each other. Using the vascular pattern as a reference, all injections were placed into cortical regions with unambiguous orientation and eye preference as inferred from the respective optical activity maps. C at CC received two blind injections in left area 17 at Horsley -C larke (1908) coordinates posterior 3 and lateral 4. A glass micropipette (tip diameter, 25 m) filled with beads was attached to a micromanipulator and lowered 600 -1000 m into the cortex perpendicular to the cortical laminae, and about 0.25 l of the microsphere suspension was pressure-injected. Injection sites were restricted to the gray matter and confined to area 17 as confirmed by the distribution of retrogradely labeled cells in the lateral geniculate nucleus (see Fig. 3 ). The size of the injection sites ranged from 150 to 400 m in diameter (Table 1) as measured in representative cortical sections.
2-Deoxyglucose autoradiography and histolog ical procedures. Four to 5 d after the tracer injections, domains sharing the ocular dominance and orientation specificity of the injection sites were additionally labeled by 2-[ 14 C]deoxyglucose autoradiography. Anesthesia was induced and maintained as described above and supplemented by a muscle relaxant (Flaxedil, gallamine triethiodide, 160 mg in 50 ml of saline, 3 ml ⅐ kg Ϫ1 ⅐ hr Ϫ1 ; Specia) to prevent eye movements. All strabismic animals (cats C1-C6) were stimulated monocularly through the eye that dominated the neurons at the injection site. The respective nonstimulated eye (left eye in cats C1, C2, C3, and C5; right eye in cats C4 and C6) was covered with a black contact lens and an additional black patch. Simultaneously with the onset of the visual stimulation, the cats received an intravenous injection of 2-deoxy-D-[U-
14 C]glucose (dose, 100 Ci/kg; specific activity, 295 C i /mmol; Amersham). Visual stimuli were the same as those used for optical imaging, except that only the orientation was presented that was preferred by the neurons at the injection sites. The normal cat C N was stimulated binocularly with horizontal gratings (0°). Because in normally reared animals ocular dominance territories can only be mapped with the 2-DG method if the animals are awake during monocular stimulation (L öwel and Singer, 1992, 1993b) , cat CC had a venous catheter implanted under halothane anesthesia (see above for mixture), and the left eye occluded as described above. After f ull recovery from anesthesia, 2-DG was injected, and the cat was allowed to move around freely for effective monocular stimulation with contours of all orientations. This experimental paradigm is known to label ocular dominance domains effectively in normally reared cats (L öwel and Singer, 1992, 1993b) .
After 45 min of visual stimulation, the animals received a lethal dose of pentobarbital (180 mg / kg, Nembutal) injected intravenously. The occipital poles and the lateral geniculate nuclei (LGN) of the brain were removed. The LGN was frozen in methylbutane cooled to Ϫ35°C. The visual cortices were flat-mounted L öwel et al., 1987) before freezing the tissue on dry ice. To provide landmarks for later superposition, three holes were melted into the flat mounts with warm needles. Subsequently, 26-m-thick serial cryostat sections were cut at Ϫ16°C. Blocks containing the visual cortex were cut parallel to the cortical surface; those containing the LGN were cut in the frontal plane. Sections were mounted on glass slides, dried on a hot plate, and then exposed to x-ray film (Structurix D7W, Agfa Gevaert) for 3-4 weeks.
Data anal ysis and image processing. The distributions of labeled neurons, injection sites, and landmarks were mapped with a Z eiss fluores-cence microscope equipped with a computer-controlled x / y stage driven by the analysis program Magellan (Halasz and Martin, 1984) . C ells were usually plotted at 100-fold magnification (objective, 10ϫ); however, we always assured with a higher magnification (objective, 16ϫ) that weakly labeled cells were not missed. For the analysis of intracortical circuitry, five to eight sections from each hemisphere were analyzed quantitatively.
Usually, cells in the immediate vicinity of the injection sites were not plotted, because the intense fluorescence did not allow proper discrimination of labeled cells. In hemispheres contralateral to the injection sites, callosally projecting neurons were found in 6 -12 successive sections of supragranular and granular layers. For quantitative analysis, every second section was plotted. 
red injection) and light (green injection) arrowheads ( A) or dark and light dots, respectively ( B-D).
Injections were targeted to horizontal orientation columns activated through the right eye shown in B. Note that the injection sites were localized in "nonactive" regions in the 0°left eye ( C ) and the 90°right eye ( D) stimulus conditions. Cortical coordinates: P, posterior; L, lateral; A, anterior; M, medial. Scale bar, 1 mm. For data presentation, autoradiographs were contrast-enhanced with an image-processing system (Imago II, Compulog) by expanding the gray values. For image processing, the optical density of the autoradiographs was translated into gray values. These are in arbitrary units ranging from 0 (black) to 255 (white). Large scale inhomogeneities in the optical density distributions were compensated by high-pass filtering of the digitized images.
The cell plots and the 2-DG autoradiographs of the same section were superimposed with the aid of the plotted landmarks. For quantitative analysis, 30% of the pixels with the lowest gray values (highest optical density) were displayed black (gray value 0, on a scale ranging from 0 to 255) and considered as the domain that showed the same ocular dominance and orientation preference as the injection site; the remaining 70% were displayed white (gray value 255) (Fig. 3D ). This thresholding procedure had the effect that the labeled domain occupied 30% of the cortical surface. This particular value was chosen for two reasons. First, visual assessment of borders between active and inactive regions in both optical imaging and 2-deoxyglucose patterns suggested that active zones occupied approximately 30% of the cortical surface. Second, the gray value histograms of all investigated autoradiographs could be approximated by a composite of two gaussian f unctions, the steeper one with its maximum at low gray values (high optical density) reflecting most likely the signal and the more shallow one the noise. Characteristically, about 30% of the pixels with the lowest gray values were located on the left side of the intersection point of these two f unctions. For cat CC, which received 2-DG while awake, all orientations were visible; therefore, the threshold was set to 50%, assuming that both eyes occupy cortical territories of equal size. Retrogradely labeled neurons were classified into two groups depending on their location on the 2-DG patterns: (1) neurons within and (2) neurons outside the labeled domains. The distributions of labeled neurons differed by less than Ϯ6.5% from the mean between different sections. For quantification, cells in the respective domains were pooled over all plotted sections of one experiment (Table  1 ). In the case of the callosal connections, distributions from different sections were summed because of small cell numbers (Table 2) . For statistical analysis, we normalized the cell numbers relative to the area occupied by the domains sharing the f unctional properties of the injection site. Absolute numbers of cells in the respective compartments were divided by the relative size of the compartment (0.3 and 0.7, respectively) and than multiplied by 0.5 to keep cell numbers unchanged. The resulting numbers reflect the relative cell densities in the two regions separated by the thresholding equation. The 2 test was applied to the normalized distributions to test whether the distributions in the two regions were different from chance.
To determine the ocular dominance of the cells at the injection sites and their relative location to the area 17/18 border, we inspected the cortical autoradiographs and additionally analyzed the laminar distribution of retrogradely labeled neurons in the LGN (Table 3 ). The 17/18 border was determined on the autoradiographs as the lateral border of the region containing labeled orientation domains, because for visual stimulation, we used slowly moving gratings of high spatial frequency (0.5 cyc /°) that are known to stimulate area 17 neurons preferentially.
LGN cell plots and the autoradiographs were aligned with the help of air bubbles. Because of the monocular stimulation protocol, laminar borders of the LGN could be distinguished on the 2-DG autoradiographs and were confirmed by additional Nissl staining of the tissue sections.
RESULTS

Layout of monocular orientation domains in strabismic cats
Monocular visual stimulation with gratings of a single orientation produced isolated patches of increased 2-DG uptake (Fig. 2 A,B) . This labeling pattern differs from that in normal cats, in which similar stimuli generated a pattern composed of beaded bands Löwel and Singer, 1993a) . Another difference is that the optic disk representation of the contralateral eye is identifiable as an unlabeled region in the posterior third of area 17 (Löwel and Singer, 1993a) (Fig. 2) . In agreement with 2-DG patterns obtained in normal cats after binocular stimulation with a single orientation (Albus, 1979; Singer, 1981; Löwel et al., 1987 Löwel and Singer, 1993a) , 2-DG labeling in the strabismic cats extended in columns through the entire cortical thickness.
Verification of the ocular dominance of injection sites
The ocular dominance of the injection sites was deduced from the cortical autoradiographs. In addition, the laminar distribution of retrogradely labeled cells was analyzed in the LGN as described previously (Löwel and Singer, 1992) . Distributions were determined in the left LGN of cats C1, C2, C3, C5, and CC and in the right LGN of cats C4, C6, and CN (see Table 1 ). In strabismic cats C1-C5, the majority of labeled neurons were located in medial lamina C (posterior sections) and in lamina A (anterior sections), sparing lamina A1. In cases C4 red and C6 green, Ͼ40% of the cells were found in lamina A1. These injections were considered as not eye-specific and discarded from further analysis. The injection C6/red was also discarded, because we had reasons to doubt that the injection was confined to a single orientation domain and to area 17. Spillover to area 18 was suggested by the observation that 87% of the labeled geniculate neurons were in lamina C. The injections in cat CC labeled neurons preferentially in geniculate lamina A1, indicating that they were located within territories of the nonstimulated left eye. In cat CN both the red and green injections led to retrograde labeling in all laminae, Distributions of retrogradely labeled neurons inside and outside the 2-DG-labeled orientation columns in the hemisphere contralateral to the injection sites. E xplanations and abbreviations are as for Table 2. indicating injections of territories receiving input from both eyes. Retrogradely labeled neurons were found mainly in the central coronal sections of the LGN and were always located near the medial edges of both laminae A and C. This indicates that injections were located in the central visual field representation of area 17 within a few degrees above and below the horizontal meridian (Kaas et al., 1972) and close to the vertical meridian (Sanderson, 1971) . In addition, a considerable fraction of cells (22.5-63.7%) was labeled in lamina C. Because the contribution of lamina C to the projection to area 17 increases toward the 17/18 border (Holländer, 1977) , this is f urther confirmation that the injections were located close to the vertical meridian.
Functional topography of intrinsic horizontal connections in area 17
An example of the labeling pattern in a strabismic cat after two cortical injections, targeted at the center of two neighboring domains dominated by the same eye and preferring horizontal contours, is illustrated in Figure 3B . Connections extended up to 5 mm from the injection sites. Comparison of the pattern of labeled cells with the corresponding 2-DG autoradiographs (Fig.  3A) showed that neurons labeled from both injection sites were located predominantly within territories that had the same ocular dominance and orientation preference (labeled regions) as cells at the injection sites (Fig. 3C) . In some experiments, neurons filled with red microspheres were found within the column that had been injected with green beads and vice versa, indicating some reciprocity of the connections between columns. In addition, neurons labeled with red and neurons labeled with green beads were occasionally colocalized in the same columns. Another example of an injection in domains preferring an orientation of 45°is shown in Figure 4 . For quantification of the topographic relationship between the patterns of retrogradely labeled neurons and 2-DG-labeled monocular orientation columns, the autoradiographs were subject to a thresholding procedure (see Materials and Methods) to obtain sharp boundaries between active and inactive regions. On average, 55.9 Ϯ 7.3% of the retrogradely labeled neurons were located in the active zones, i.e., in domains having the same eye and orientation preferences as the injection sites, irrespective of whether injections were placed in domains of the deviated (C4 and C5) or nondeviated eye (C1-C3). Figure 5 shows the corresponding data for normal cat C N. The red injection of cat CN, which was located in a horizontal orientation column with no eye specification, revealed that 56.0% of the retrogradely labeled neurons were localized in the respective iso-orientation domains. This percentage is similar to that found in strabismic cats. By contrast, only 20.8% of the neurons labeled from an injection of a vertical domain (green beads) were located in columns with preferences for horizontal contours. Figure 6 summarizes the results from nine injections in strabismic cats and two injections in a normal cat before pooling the data, demonstrating that cell densities in the labeled and nonlabeled compartments do not overlap. Statistical analysis of distributions resulting from individual experiments (Table 2) confirmed that cell densities in columns sharing the ocular dominance and orientation preference of the injection site were significantly higher and, in case of cat C N (green), lower than expected from a random distribution ( 2 test, p Ͻ 0.001). In normal cat CC both injections were localized in domains dominated by the left eye with no f urther orientation preference specification, and retrogradely labeled neurons did not show any significant preference for ocular dominance territories (see also Löwel and Singer, 1992) . Averaged across sections, 59.9% (green) and 54.1% (red) of the labeled cells were found within the domains dominated by the same eye as the injection site, which covered 50% of area 17.
Functional topography of interhemispheric connections
In one normal (CC) and three strabismic (C2, C3, and C5) animals, injections were located close to the vertical meridian within area 17 and labeled callosally projecting neurons. Retrogradely filled cells were observed in the topographically corresponding parts of the contralateral hemispheres. Neurons were found in 7-12 consecutive sections, 550 -800 m from the cortical surface, which corresponds to lower layer III and layer IV. In accordance with previous observations (Innocenti and Caminiti, 1980) , callosally projecting neurons seemed larger than neurons with intrinsic connections. The zone containing callosal neurons in the strabismic cats comprised on average 4.3 Ϯ 1.6 isoorientation columns and extended on average 3 Ϯ 0.52 mm from the 17/18 border into area 17.
Superposition of the callosal cell patterns with the 2-DG labeled domains revealed that retrogradely labeled neurons are located preferentially in columns that have the same ocular dominance and orientation preference as the injection site in the contralateral hemisphere (Fig. 7) . On average 60.4 Ϯ 11.8% of the retrogradely labeled neurons were located within the autoradiographically labeled monocular iso-orientation domains. The callosal cell distributions across eye dominance and orientation domains were very similar to the distributions on the ipsilateral side and differed maximally by Ϯ6.5% per injection (see Table 3 ). In three of six cases (C2, green and red; C3, green), the bias for neurons to be located within domains with the same functional properties was highly significant ( p Ͻ 0.005). In case C5 (green), however, this bias did not reach statistical significance ( p Ͼ 0.05), although the ratios between cells in labeled and unlabeled domains were very similar to those in the ipsilateral hemisphere of the same animal, in which the bias was highly significant. We attribute this lack of statistical significance to the small number of labeled callosal neurons. The same explanation holds with all likelihood for the lower level of significance ( p Ͻ 0.01) in cases C3 (red) and C5 (red). No differences were noted between distributions resulting from injections in domains of the normal (C2 and C3) and deviated (C5) eye. Thus, in strabismic cats, not only tangential intracortical but also callosal connections link predominantly territories that share the same ocular dominance and orientation preference, irrespective of whether the territories are dominated by the normal or the deviated eye.
The distributions of transcallosally labeled neurons in normal cat CC failed to show a preference for ocular dominance domains (but see Olavarria, 1996) . On average 60.9% of the retrogradely labeled neurons were located within domains activated by the left eye, which in this case covered 50% of the cortical surface rather than 30%, because the cat had experience with all orientations.
DISCUSSION
Methodological considerations
For quantitative analysis, the autoradiographs of the cats stimulated monocularly with a single orientation were subject to a thresholding procedure that restricted domains controlled by the same eye and preferring the same orientation to 30% of the cortical surface. This threshold was selected because the gray (Fig. 2 A) that contained the injections and the labeled neurons. B, Patchy distribution of retrogradely labeled cells within the same region. Neurons labeled with rhodamine (n ϭ 50) and fluorescein beads (n ϭ 303) are represented by red and green dots. Injection sites are marked by triangles. C, Superposition of A and B with the help of three landmarks (see Fig. 1 A) . Both injections are localized in dark columns of the same f unctional preference (0°, right eye). D, Superposition of labeled neurons on the contrast-enhanced autoradiograph. Note that the cells are predominantly localized in the 2-DG-labeled domains (dark areas) and thus in regions having similar eye and orientation preference as the injection sites. Abbreviations are as in Figure 1 . Scale bar, 1 mm. Fig. 1 A) . D, Superposition of labeled neurons on the contrast-enhanced autoradiograph. Note that the cells are predominantly localized in the 2-DG-labeled domains (dark areas) and thus in regions having similar eye (left) and orientation preferences (45°) as the injection site. Abbreviations are as in Figure 1 . Scale bar, 1 mm.
value histograms of all investigated autoradiographs showing orientation columns in both strabismic and normal cats had their turning point at this particular value (see Materials and Methods) . Assuming that the neuronal population in strabismic cats is split into two equally large monocular populations and that orientation preferences are distributed equally, the defined area (30%) is likely to include neurons with orientation preferences that differ by as much as 45°from the orientation of the grating used for activation. Moreover, labeled domains might contain some binocular neurons, because in cats with divergent squint about 7% of the neurons remain responsive to both eyes (Kalil et al., 1984) . Because in normal cats most neurons are binocular, the defined area of 30% in cat C N should include orientation preferences in a range of 27°.
It has been shown previously that orientation maps as revealed with the 2-DG method or with optical imaging reflect precisely the topology of electrophysiologically determined orientation columns (Schoppmann and Stryker, 1981; Grinvald et al., 1986) . Our present results confirm the perfect match between the activation patterns obtained with optical imaging and the 2-DG technique (data not shown).
We based our superpositions on the 2-DG rather than the optical-imaging maps, because this allowed for a direct correlation between cell locations and columnar patterns in the same flat-mounted sections, circumventing problems related to distortion and shrinkage of sections attributable to histological procedures.
Layout of monocular iso-orientation domains in strabismic cats
The 2-DG maps provide direct evidence that squint had caused the expected disruption of cortical binocularity because, in contrast to normally reared cats (L öwel and Singer, 1993a), there was a consistent lack of labeling at the representation of the optic disk in the hemisphere contralateral to the stimulated eye (Löwel and Singer, 1992, 1993b) . No obvious differences were noted, however, between the 2-deoxyglucose patterns evoked by stimulation of either the deviated or the nondeviated eye. This is consistent with electrophysiological evidence from strabismic cats, which suggests that neurons driven from the normal and deviated eyes have similar and normal orientation tuning (Hubel and Wiesel, 1965; Freeman and Tsumoto, 1983; Kalil et al., 1984; Sengpiel et al., 1994) .
Intrinsic connections
In the strabismic cats, on average 56% of the labeled neurons were located in territories sharing the ocular dominance and orientation preference of the injection site. Because these regions occupied only 30% of the cortical surface, this suggests that the tangential connections have preserved their tendency to interconnect preferentially domains with similar orientation preference, although they had segregated into eye-specific subnetworks because of squint (Löwel and Singer, 1992) . The selectivity for iso-orientation domains is comparable to that described for horizontal connections in area 17 of normally raised cats (CN red, 60.4%) and macaque monkeys (Gilbert and Wiesel, 1989; Malach et al., 1993) . The quantitative analysis of Malach et al. (1993) showed that 66% of the interconnected neurons in area 17 share preferences for orientations that differ by less than Ϯ45°. This value cannot be compared directly with our results, because we investigated the joint probability ( p ODOR ) of connections to link neurons that have the same ocular dominance (OD) and orientation preference (OR). In strabismic cats connections had a probability to be eye-specific ( p OD ) of 86 Ϯ 5% (Löwel and Singer, 1992) . Based on this value it is possible to estimate the probability of additional orientation selectivity ( p OR ) according to the formula p OR ϭ p ODOR /p OD . This yields a p OR value of 70% for our animals. Thus, the tendency of intrinsic connections to link neurons with similar orientation preference is at least as high in strabismic cats as it is in monkey V1, suggesting that squint had not interfered with this feature.
This finding is compatible with the notion that the selection criterion for the stabilization of tangential connections is the correlation among the responses of interconnected neurons (Löwel and Singer, 1992) . Because monocular vision is unimpaired in strabismic animals, correlations among neurons dominated by the same eye are expected to be the same as in normal cats.
This of course does not exclude the possibility that the initial layout of connections gets specified by experience-independent factors such as biochemical markers (Meinhard and Gierer, 1980; Edelman and Cunningham, 1990 ) and for self-generated, patterned activity (for recent review, see Katz and Shatz, 1996) . The basic organization of orientation maps (Chapman et al., 1996; Goedecke and Bonhoeffer, 1996; Ruthazer and Stryker, 1996) and of both intrinsic and callosal connections (Chalupa and Dreher, 1991) specified before visual experience becomes effective and supports f urther refinement of connectivity patterns. Thus, Aggoun-Z ouaoui et al. (1996) have reported a columnar ingrowth of callosal axons into the cortex already toward the end of the first postnatal week. These authors encountered difficulties in relating these initial immature structures to the adult terminal columns and assume a vision-dependent validation process that goes in parallel with the formation and elongation of branches and further synaptogenesis.
Callosal connections
The present results revealed striking similarities between the organization of tangential intrinsic and transcallosal connections. The only difference was that the selectivity of callosal connections with respect to eye dominance and orientation domains was statistically less significant than that of intrinsic connections. However, this was not attributable to reduced selectivity but to the smaller sample size. Callosal fibers interconnect neurons sharing the same ocular dominance and orientation preference with almost similar selectivity as the intrinsic connections, so that they seem to be equally susceptible to the effects of squint. This agrees with previous suggestions that interhemispheric and intrahemispheric connections serve similar functions and should therefore be organized similarly (Hubel and Wiesel, 1967; Innocenti, 1986 ). However, because of the weaker statistics the possibility needs to be considered that callosal connections are more heterogeneous than intrinsic connections and that subpopulations of callosal fibers obey other rules.
Earlier studies on callosal projections of sensory, motor, and association areas in several species described rather heteroge- Figure 6 . Box plot summarizing the normalized distributions of labeled neurons (cell densities) within injected area 17 for all analyzed sections (strabismic cats, n ϭ 49; normal cat, red injection, n ϭ 5; green injection, n ϭ 5) of nine injections in strabismic cats and two injections in a normal cat. Distributions are calculated on a 100% scale: the sum of labeled neurons (density) within black (2-DG-labeled) and white nonlabeled compartments adds to 100%. Ordinate, Normalized density of cells in the respective compartment in percent. The horizontal line within each box represents the mean. The 10th, 25th, 50th, 75th, and 90th percentiles of these distributions are displayed as horizontal lines. Outliers below the 10th and above the 90th percentiles are plotted as open circles. Note that the distributions in the two compartments do not overlap. neous columnar patterns with "column" diameters ranging from 200 to 1000 m (for review, see Innocenti, 1986 ; i.e., for striate cortex, Berman and Payne, 1983; Voigt et al., 1988; Payne and Siwek, 1991; Houzel et al., 1994 ; extrastriate cortex, Segraves and Rosenquist, 1982) .
Evidence indicates that the columnar pattern of callosal connections in the primary auditory cortex is related to "ear dominance bands" (Imig and Brugge, 1978) , but the f unctional significance of the columnar pattern of visual callosal projections remained unclear, although a relation to orientation columns (Innocenti, 1986; Voigt et al., 1988; Houzel et al., 1994) , ocular dominance bands (Payne and Siwek, 1991; Olavarria, 1996) , and cytochrome oxidase-positive patches (Boyd and Matsubara, 1994) had been suggested.
The present data agree with the physiological evidence that callosal connections link cells with receptive fields that have similar positions and matching orientation and direction preferences (Berlucchi and Rizzolatti, 1968; Lepore and Guillemot, 1982; Blakemore et al., 1983; Lepore et al., 1986) . Callosal connections are not only contributing to the formation of ipsilaterally extending receptive fields, but they also synchronize the responses of neurons located in the two hemispheres (Engel at al., 1991; Munk et al., 1995) . The strongest and most precise synchronization ("T peak") occurs for responses of neurons that have overlapping receptive fields and similar orientation preferences (Engel et al., 1991; Nowak et al., 1995) , which is in agreement with the topology of callosal connections revealed in the present study.
In young kittens, callosally projecting neurons are not confined to the representation of the vertical meridian but distribute across the entire area 17 (Innocenti et al., 1977; Innocenti and Caminiti, 1980) . Early strabismus, monocular deprivation, and short periods of binocular deprivation interfere with the developmental process that eventually confines the callosal projection zone to the vertical meridian, so that callosally projecting neurons come to occupy a broader strip along the 17/18 border (Innocenti and Frost, 1979; Berman and Payne, 1983; Elberger et al., 1983) . Our data (see Table 3 ) do not allow us to determine whether this had also occurred in the present experiments, because there are not enough control data from normal cats with comparably small injections. However, our results indicate that callosal connections are influenced by strabismus and in exactly the same way as the tangential intracortical connections. They came to link selectively territories dominated by the same eye (but see Olavarria, 1996) . Thus, the development of the interhemispheric pathway is likely to be governed by similar experience-dependent organizing principles as described previously for the long-range intracortical connections; neurons exhibiting decorrelated activation patterns lose their corticocortical connections. C3 ( B) . Superposition of retrogradely labeled neurons ( green dots) and the monocular 2-DG patterns evoked by right eye stimulation with horizontal contours. Note that neurons are preferentially confined to the 2-DG-labeled columns (dark reg ions). Because of the relatively low density of callosally projecting neurons, cells from six (A, n ϭ 88) and five (B, n ϭ 104) adjacent sections were summed and superimposed on the corresponding 2-DG autoradiographs. A, Enlarged detail of the area indicated by the black f rame in Figure 2 B. Scale bar, 1 mm. Abbreviations are as in Figure 1 .
